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This paper describes the method and procedure developed 
by Саци 1ο Hydro for determining the size of the component parts Е 
of а compressed air system designed specifically for tailwater 
depression in nydro-electric plants. Test data is included which 
shows the effects of design variables on the transient electric 
power Conditions during the period when the generator is being 
EE to a synchronous condenser, 
| introduce Lion 
АДА. 


; Many of the more recent hydraulic power developments in 


| 
¡the Cutario Hydro systems are characterized by three important 


| Φος . Ὃς, Ма х d . ч 
ранее, The first is that the plants are designed to operate as 


|peaki ng Plants. Second, they are remotely situated, requiring long 
| | 

‘transit 
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[feature is that the total head available at these sites is generally 


“sion lines to carry power to load centres. The third 


t 


ева Саха 100 тее. 


. During periods when there is insufficient water to permit 
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operation of the units as generetors, the charging currents оп the 
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on lusnanission lines, operating at extremely licht losdings, 
/ . 


Could гош] in abnormally high voltages. This problem is overcoie 
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reactivo power from the system, As the electricel losa 
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on the line is increased, 


reactive power. 

чиен ас. heeds аге аз low as previously indicated, 
turbines та: fixed-blade, propeller-type runners are ussslly 
employed. To mininize cavitation, the runners must be set below 
tuilwater level. 

If the runners are allowed to remain immersed in water 
when the unit is operating as a motor, loads as creat as 20 megawatts 
can be imposed, This is remedied by using а water depression system 
to lower the water level in the draft tube and free the turbine 


runner of all possible load other than friction. 


A turbine water depression system may be defined as a 


system for compressin toring and controlling a supply of air for 


displacing the water surrounding the turbine runner, which leaves 


the runner free to rotate in a pocket of air. Other names applied 


to such a system include drat tube vacua ES да, dreft tube water 


level depressor and tailwater depression. 


Although water depression systems were first investigated 
by Onterio Hydro in 1943, it was not until 1956 that the first 

System was installed in its Manitou Generating Bates cn the English 
River. Since that time, Vater depression systems have been installed 
at five other stations: Whitedor Hum Silver Falls, Red Rock Vals: 
Ctter Rapids and Little Long. All these plants are unattended en | 
operated by remote control. The purpose of this paper is to describe 
the design criteria evolved over this period. 

Basically, the water depression system consists of air 


compressors, air receivers, control air у: ‘Ives, and draft tube water 


level controls (See Fig. No. 1). То cordenze* а unit, t 


are brought up to pr ssure and the main control air valve is opened 
When sufficient air has been admitted to depress the water im The 
draft tube to a predetermined level, the main control valve is clos=A. | 
A emel. nake-up valve operates as required to maintain the water level 
during the condense period. | 

и Two basic methods are uscd to condense а unit. One is to 
back off the load on the generator until the wicket cotas ας fully 
closed and the unit is motoring in water. The air vaives are then 
opened until the runner is rotating in a pocket of air. With fixed- 
blade propeller runners, this method reguires that the unit be 
supplied with a large amount of buek EGT power until depression has 
been completed. 

ње The other method, used by Satake Hydro, is to back off the 
load on the generator until the turbine wicket gates are at the 
synchronous no load speed position. The air valves are opened and . 
after a short time delay, the wicket gates autowatically close. When 
properly applied, this method results in а relatively smooth tran- 
sition from generating to condensing as far as power surges are 
concerned. However, it has been found thst this latter method 


requires a more rapid admission of air to nininize power surge. 


‘Although the first method has a lower initial cost, due to 


smaller piping requirements, the second method results in lower power 


losses вась time the unit is condensed. The savings in power cost 


0 


vill soon recover the difference in the initial cost. Also harmful 


Vibration caused by shnaft-lift planing action is reduced. 
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The term "condense" refers to the procedure of convertins а 
cenerator to а synchronous cencenser. 
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ARRANGEMENT 
OF 
ORAFT TUBE WATER DEPRESSION SYSTEM 


: 
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г οσο ivers ib 4 
In ovr first attempt to determine air receiver requirencnts, 
it was assumed that the air expanded isothermelly, On this basis, 


: relatively large ines was mede for air losses. It is now 
упоып that the air remaining in the receiver expands very nearly 

Даган anit that little air is lost during a condense operation. 

The total rece iver capacity required is a function of the 

ster volume to be displaced in the turbine, the difference in 
:Jevation between maximum tailwater level and final depressed water 
lcvel in the turbine, the initial and residual receiver pressures, 

ud an allowance for air losses, 


The final depressed water level is maintained at least 


к feet below the bottom edge of the runner blades to prevent them 

fron EE T waves which could interfere with the METER of the 

level controls, 

As the water река рп ‘compressors are also used as an 

сисгрелсу backup for the plant service air system, the initial 

receiver pressure, prior to a blowdown, is maintained between 100 and 

110 psig. The residual receiver pressure on completion of а blowdown 

is designed to be the same as the air mn in the draft tube after 

the depression is completed. | 

For design purposes 10% of the air ae for depression 

i5 allowed for losses. However, field tests have revealed that the 

“г unaccounted for after a single water depression, was less than 574, 
Due νο the rapid outflow of air, the air receiver must supply 

Bi the air required. The compressors scarcely have time to start up 


md load before the depression is completed, 
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Space limitations in the powerhouse usuelly dictate the 
size and number of receivers required to contain a predetermined 


vers (sometimes foùr or ποτε) are inter- 


he 


volume of air. These rece 
connected, without shut-off valves, in such а way as to represent а 
single, large receiver. It hes been standard practice in the pest 
{ο locate the receivers indoors but in two stations nov under con- 
Ери Той they will be located outdoors. | 


Air Compressor 


in 
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The compressor capacity is determined by the UAE of 
air used for one depression, the volume of air paguiredite hold a 
unit on the line as a condenser and the minimum time interval betwee 
placing any Lado units into similer service. When a hydro-electric 
station contains two or more EER EEO CORE, an interval renging from 20 
to 45 minutes is usually required between the placing of any tro 
units on the line as condensers. The air required to hold a unit on 
condense has been found to vary from 40 to 100 standard cubic feet 


per minute. It is believed that the major source of air loss is a 


result of the air being soluble in water. The water leaking throuch 
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the closed wicket gates is sprayed into a chamber of Бокса air 
and is readily aerated. The water entering the turbines in most 
plants is taken in many feet below the surface of the forebay where, 
particularly in winter, the water is relatively free of dissolved 
fases. ліг loss is mainly dependent on the amount of cate leekore, 
water temperature, and is proportional to the air pressure in the 


turbine passages. 
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Control Valves m Ë | ES uM 
The air contro] valves for each unit consist of one main € 
vals and one sna make-up valve thee Fig. Го. 2). The mein valve 
is used deoring thi initial water depression and also serves as a 


backup to the make-up valve. The function of the make-up valve is 


~ 


to maintain the water level below the runner for the duration of the 
condense period. 
Initially, diaphragm-operated control valves were used for 


the main valves, Sut these were later discerded in favour of pneumatic 


газа 


cylinder- ση butterfly и, КТ with rubber seats. The cylinder 
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operators provide rapid opening and the butterfly type valve offers 


the advantepe of г low pressure drop. The pneumatic cylinder is 


operated by a four-vay solenoid valve which is connected to the 


station's service air system. This is done to ensure adequate pressure 


for closing the valves. For ease of maintenance, the main valve is 


located between manual isolating valves of the gear-operated butterfly 


type. Excent during maintenance the isolating valves remain open. 
The make-up RA consista of а direct operated solenoid 
valve installed in a by-pass around the main valve. 


Control 


, Interlocks are provided to ensure that the circuit bre:ler 


for the unit is closed, the- turbine wicket gates are at the synchronous 


по load speed position, and the air pressure in the receivers is 


adequate before the unit can be operated as a synchronous conüensem, 


e . . . . 5 . 
го initiate а condense operation, the unit is broucht to the syn- 


carorons no load speed position end the condense control suitich 
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CAL WATER DEPRESSION 


AIR CONTROL VALVES 
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The air control vélve: роп iurcdiztely, and 5 


| а time delay ге) гу is ecencr(ised. After one or two seconds, the uii; 
shutdown solenoid is encrgiccd to close the wicket gates. The air 


is admitted to the draft tube until stopped by the draft tube vate: 


level control. 


The water level control consists of electrodes located іі, 
a water column which operate inductive type Jevel control relays (со, 
Fig. No. 3). The electrodes are so located that they actuate the 


control and alarm functions in the following sequence, starting with 


% 


the lowest electrode: 


Electrode Ко. 1 (Lover) Make-up valve closes. 
Klectrode No. 2 Make-up velve opens, 


main valve closes. 


Electrode No. 4 Alarm. 
Electrode No. 4 (Upper) Main valve opens. 


During the initial condense operation both velves are open. 


The main valve is closed first to winimize “overshoot”, It 
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5 possi 
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„Гог the final water level in the draft tube to overshoot to such an 
extent that it is not visible in the gauge glass. This overshoot is 


caused by the water level in the water column lagging behind the 


water level in the draft tube and by the expansion of the air down- 


stream of the main valve after the valve is closed, 
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The rate of air discharge from the receivers has been fours 


o have a definite effect on the pover requirements of the generator 


ring the period when air is boing aduitted to the draft tune. А 
ieh rate of air Aischarge provides a sneoth transition from gen” 


L condense on foy ак, DCI QW BP ќа, (UG conecrned, 


! СЗУ ALARM 


-m SMALL VALVE OPENS 
У MAIN VALVE CLOSES 


ў- SMALL VALVE CLOSES 


[ GROUND ЕГЕСТКООЕ 


WATER DEPRESSION CONTROL. COLUMN 
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FIG. N°. 5 
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The rate of vir discharge is designed so that the water | 

evel is depressed below the runner blades in 10 seconds or less. 

On this basis, the resulting transient power inputs are considered 

neceptable sud the diameter of the piping, required falls within 

practical limits, о го у DAS ў 
| Since the depression is completed in a very brief period, 

as mentioned previously, the air flow is adiabatic. The formula used * 


to-size the pining system is developed fron the Crane Technical Paper ' 


i 2 —— 


w 5 0.525Ya? AP азаа κ 


Where у = air flow lbs./sec. 

Y = net expansion fuctor 

d = internal dia. of pipe ins. 
P C pressure drop psi 
K 


= resistance co-efficient of piping system 


Vy = specific volume cu.ft./1b. 


The flow formula is rearranged as follows: 


A | УЫ 2 š 
м = 0.863Yae end sawa а rec с 


Where Т = initial receiver temp. °R 5 
кечосотС 
The resistance co-efficient of the piping system is’ 


ermined from: 


εν See АР | КРЕ Е 
K = стаи @ ° ce ee 4. . е 4 (2) 
Where f = friction factor 


v 


L = equivalent length of pinine system in feet. 


-Due to the receiver pressure decreasing during the blov- 
Gown period, a simplified method is used to check the time recuired 
го Clear the runner blade: De the above formula the Y and 4 P/P 
erms are considered to be constant for any value of K (See Fir. Ко. 4? 
гае values used are those for which sonic velocity occurs at the 
discharge end of the pipe. е af foot of the increasing draft tube 
ее ес on the flow rate T relatively ыша11 апа is not included in 
the calculations. 


For an assumed piping diameter then, the flow formula is 


reduced То: i 

| м = Cy P „ра сума 

| ‘ ιν «γη 5 Е 

| . The air supplied from the receivers is calculated from the |] 


‘following formula: 


| 
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W = 
тү Py 
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Where W lbs. of air 


| Py = initial receiver pressure 
Po = final receiver pressure 
R = gas constant (55.5 for air) 
4 


Ту = initial receiver temperature 


СРЕ + 460) - 
Equation (5) was used to plot the curve shown in Fig. No. 5. 

-his curve is based on initial receiver pressure and tenpereture 

conditions of 100 psig and 70°F und for a πο volune of 1,000 

Edic feet. From this curve it is evident that the weight of air 

. ilable can be closely represented by: 
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Combining equations (4) ana (6) in differential f 


΄ ` f. г 
C Pat} = CLAP) | ID (2) 


Rearranging and integrating between the initial and final 


`«сссіуег pres sure 
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Where t = time in seconds 
Although equation (8) is lacking in several theoretical 


ара фах it has Боби found to give close approximation to the values 


tained from field tests. 


See the appendix for a semple calculation of time required 


depress the water level to the underside of the runner blades. 
jield Tests 
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^A nunber of tests were conducted at our Little Long 
erating Station, located on the Mattegani River approximately 45 


Was 


iles north of Kapuskasing, which 


Placed in service in the fall 
| 
г 1963. 


The main purpose was to determine the shape of the receiver 
sressure "decay" curve and to measure the transient power conditions 


cring a condense operation. A test wes also made to verify that the 


r expansion in the receivers during а blowdown was adiabatic. 


A Texas Instruments Corporation portable, two-channel | 
«scillo-Riter" recorder vas used to record the shape of the receiver 


собите decay curve and to obtain the transient power conditions. 


transient power conditions were recorded for different intervals 


“сеп the time the air valves opened and the wicket gates beran 


“Sing. In addition, the effect of a slower air admission rate оп 
г conditions wes 


obtained by throttling the air valves. 
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А conventional resistance bridge-type pressure transducer 
vas installed on the air receiver and was connected to the recorder 
| by shiclded cable. Fig. No. 6 shows a typical receiver pressure decay 


curve ond for comparison the theoretical curve hes been plotted. The 


| theoretical curve does not allow for ihe opening time required for 


the main valve and therefore the test curve lags behind the theoretical 


curve, ; it й ' 


.The transient power conditions wore sensed by a Bristol 


Thermoverter. This device was connected to the instrument transformers 


lon the generator ac 


tional to the power in the ас systen, 


metering system and provided a de output propor- 


ἂν The effect of different time delay settings on the transient 


power conditions is shown in Fig. No. 7. The longer time delay causes 


[Спе unit to momentarily generate up to 8 megawatts. The generation of 
power is attributed to the additional head imparted to the water flo» 
‘through the turbine by the wir admission. 


The effect of throttling the air supply on the transient 


power conditions is shown in Fig. No. & Test curve No. 11 shows а 
comparatively smooth transition 
| { 

кеге calculated to be clear of water in approximately 5-1/2 seconds, 
l 5 


Test curve No. 17 indicates a 


. The turbine blades for this test 


much rougher transition with the blades 


Fleared of water in a calculated time of 11-1/2 seconds. For desitn 


purposes we have adopted a blade clearance time of not more then 10 


cconds, . 
Both tine delay and throttling tesis appeared to have no 


ignificant effect on the amount of éir required to depress the water 


Evel or, conversely, the amount of air lost or otherwise unzccornteá 
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The test to prove adiabatic expansion of air in the š 


receiver consisted of bringing the receiver up to pressure, pulling 


the disconnects on the conpressor motors and condensing a unit. The 


air pressure in the receiver was recorded (See Fig. No. 9). 
The initial receiver conditions were 103.2 psig and 73°F, 


Immediately after the main air valve closed, the receiver pressure 


was 29.5 psig. After 50 ninutes the receiver pressure increased to 
42.1 psig as the air remaining warmed up to ambient temperature. | 

From the general law EW = а constant, the exponent К was (| 
calculated from this test to be 1.25. This compares with an exponent 
of 1.4 for the true adiabatic. It is believed that if the piping 


system hed been completely free from leaks, the final air pressure 
ν Y 3 а 


а ο ο. 


after warm-up would be higher and the value of N very neerly equal 
бо 1.4. The estimated air temperature in the receivers after blawdown 


is -57°F based on adiabatic expansion. 


Conclusions 
1) The calculated pressure decay curve is close enough to the : 
test curve for all practical purposes, 
2) The tests indicated that the optimum time deley setting 
“25 approximately 1.5 seconds. | | 
3) To obtain minimum transient pover variation, the rate ог 
Чи discharge should be as rapid es possible. 


4) The expansion of air in the receiver occurs very праг1у 


liabatically. 
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Following is a sample calculeticn of the time required to 


ess the water level to the underside of the runner blades, 


Assume ~ Receiver volume - 4000 cu.ft. 
Initial receiver pressure - 100 psig 
Initial receiver temperature - 70 Е 
Inside diameter of pipe . - 12 ins. 


Piping resistance coefficient (K) - 8.0 


Weight of air in draft tube 
in end above runner - - 600 lbs. 


The weight of air required per 1000 ba, tt. of receiver 

olume is 600 + 4 ог 150 lbs. From Fig. Re. 5 the final receiver 

pressure is 61.0 psig. 

` Using equation (6) V = Ср ар 

| |. 600 = со (100-61.0) 

Therefore : Co z 15.4 

or а Y = 15.4 dP. 

Я From Fig. No, 4 for a piping system resistance coefficient 

of 8.0, the limiting factors for sonic velocity are .762 forAP/P 

end „685 for Y. TE 
From equation (2) Y = воза? Д S 

y P^. 


8.0 x 550 


У = 86” x .685 x 122 

ог Ме 1.14P (equalion 4) 

From equation (8) t = 15.4 ЕА “ЛОО + 1%. ВЕК AN 
1.1% “ΟΡΟΥ Ὁ + ТА. uas uo 


t 5.6 seconds 
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Montevideo, 9 de noviembre ce 


Sr. Gerente de Sector de la División 
0 u u L ss Generación v Trasmisión de U.T.E. 
Ing. Jorge Fontana 


Presente 


NOTA NQ 637/82 


Du /πιν 


De mi consideración: 


Para su conocimiento v demás 
efectos remito a usted copia del artículo "Hidrau- 
lic Turbine Water Depression Systems for Synchronous 
Condenser Operation" de la “Hidro-Electric Power Com 


mission of Ontario". 


Sin otro particular, saludo a 


usted muy atentamente. 


COMIPAL 
RES чэ 


| 9 NOV. i982 : 


Asunto ^ ' 


Director de Oficina Montgmideo 


